The 5Á65 to 1Á80 Ma Cerro Guacha Caldera Complex (CGCC) in the Altiplano-Puna Volcanic Complex of SW Bolivia, with >90% of its >2500 km 3 erupted volume consisting of crystal-rich dacite, has all the characteristics of a 'monotonous' magma system. However, it also records minor lithological heterogeneity. Such hand-sample scale heterogeneity is ubiquitous in dominantly 'monotonous' magmas, yet remains poorly investigated. Here we explore the heterogeneity in the CGCC, and its implications for the construction and evolution of 'monotonous' magma systems. We focus on the Guacha II Caldera (G2C), the younger of two calderas in the complex, because its pre-to post-climactic eruptive history is fully represented and, although the eruptive products are dominantly dacitic (66-72 wt % SiO 2 ), the juvenile pyroclastic deposits and lavas erupted throughout the history of the G2C define a high-K, calc-alkaline suite of diverse compositions that range from andesite to high-Si rhyolite. The G2C cycle initiated with the effusive eruption of crystal-rich andesite lava. The subsequent explosive phase began with a short-lived plinian eruption of crystalpoor rhyolite pumice. This was immediately followed by the Catastrophic Caldera Forming (CCF) eruption at 3Á49 6 0Á01 Ma and the deposition of dacite-rhyolite and banded pumice within the >800 km 3 dense rock equivalent (DRE) Tara ignimbrite. A significant volume of magma remained and caused $1Á5 km of resurgent uplift. Three crystal-rich dacite-rhyolite post-climactic lava domes (Chajnantor Dome, Rio Guacha Dome, and Chajnantor Lavas) subsequently erupted from separate coexisting melt-rich 'pods' within the G2C's remnant mush. Whole-rock isotope ratios across all lithologies span a significant range in 87 Sr/ 86 Sr (0Á709380-0Á713159) and a relatively narrow range in 143 Nd/ 144 Nd (0Á512179-0Á512297) and d 18 O(qtz) (þ8Á38 to þ 8Á68%), best reconciled with a twostage assimilation-fractional crystallization (AFC) model. Stage 1 initiated with parental melts from the Altiplano-Puna Magma Body (APMB) fractionating and assimilating crustal lithologies in the upper crust (10-25 km depth) to generate the magma compositions recorded in the andesite lava and the ignimbrite banded pumice. These magmas subsequently accumulated and underwent a second stage of AFC in the uppermost crust ($800-850 C and 5-9 km depth) to produce the most differentiated magmas recorded in the ignimbrite rhyolite pumices. Although the two-stage AFC model presented here is non-unique, it implies that the basement composition is temporally or spatially variable throughout the $30 km of upper crust beneath the G2C. The origin of some of the V C The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
INTRODUCTION
The magmatic systems associated with large caldera complexes in continental arcs play an important role in batholith assembly and stabilization of the continental crust (e.g. Hughes & Mahood, 2011; Watts et al., 2016) . These systems are considered the 'supervolcano' end-member of calderas, many of which form during transient excursions of mantle influx into the crust, commonly known as 'ignimbrite flare-ups' (e.g. Lipman et al., 1972; Coney, 1978; de Silva, 2008) . These systems owe their character to a set of processes collectively termed 'crustal magmatism' that results from feedbacks between magma production in the crust, advection of heat through the crust, and crustal rheology. Together, these processes promote storage over eruption and the construction of long-lived batholith-scale magma systems [see de Silva & Gregg (2014) for a summary of the development of these ideas]. The associated calderaforming supereruptions are of magnitudes that make them the most catastrophic natural events on Earth, with potential to induce devastating changes to the Earth system (e.g. Mason et al., 2004; Self, 2006) , although the magnitude of the impact is of some debate (Oppenheimer, 2002) .
Many of these large silicic magmatic systems develop as part of magmatic arcs on mature, thick continental crust and include those of the Neogene Central Andes (Fig. 1a; Ort, 1993; Lindsay et al., 2001a; Soler et al., 2007; Folkes et al., 2011a) and the middle Cenozoic Western USA (Lipman et al., 1997; Bachmann et al., 2002; Christiansen, 2005; Watts et al., 2016) . All of these systems are associated with slab roll-back (Best et al., 2016) and also share many other features, the most notable of which is the volumetric dominance of ignimbrites of the 'monotonous intermediate' variety (after Hildreth, 1981) . These very large volume (>1000 km 3 of magma) crystalrich dacitic ignimbrites are interpreted to have evacuated magma chambers that were only weakly chemically heterogeneous and not systematically zoned from top to bottom. The magmas consist of 30-55% phenocrysts (defined here as crystals we deemed to be cogenetic with their magmatic hosts; Jerram & Martin, 2008) set in a high-silica rhyolite liquid. Mineral assemblages and compositions suggest pre-eruption temperatures of 730-820 C with relatively high water and oxygen fugacities ($4 wt % H 2 O and DNNO þ1 to þ 2, where NNO is nickelnickel oxide buffer) in these magmas (Christiansen, 2005) . These characteristics appear to be consistent throughout these regionally separated systems of different ages, suggesting a consistency of processes responsible for their formation and evolution (Best et al., 2016) . One theory is that crystallization of the water-enriched dacitic magmas at lower temperatures (<800 C), where crystallinity and hence magma viscosity (>10 6Á5 Pa) are significantly higher, may have inhibited all forms of crystal-liquid separation and promoted equilibrium crystallization, or homogeneity, within a localized region (Christiansen, 2005) . Alternatively, convective mixing in slab-shaped magma chambers, which inhibits separation of crystals from liquids and systematic chemical zonation (de Silva & Wolff, 1995; Maughan et al., 2002) , can be invoked for melt-dominated reservoirs even with 40-50% crystals. A more widely accepted view is that these silicic magmas persist as near-solidus crystal mushes, owing to a combination of slow conductive cooling, crystallization and latent heat keeping temperatures close to the eutectic (Bachmann & Bergantz, 2003 Hildreth, 2004; Lee et al., 2015) . Because these large silicic crystal-rich magmas are at, or close to, water saturation (Caricchi & Blundy, 2015; Lee et al., 2015) the release of latent heat is delayed, allowing these systems to occupy what has been referred to as a 'petrological trap' (Caricchi & Blundy, 2015) for long periods of time (10 5 -10 6 years; Gelman et al., 2013; de Silva & Gregg, 2014) during which water-saturated, high-silica liquids can form and eventually separate from the crystal-rich mush (Lee et al., 2015) . Growth of the system can occur either by the addition of compositionally similar magmas (Bachmann & Bergantz, 2008; Watts et al., 2016) , released by lower to mid-crustal MASH (melting-assimilation-storage-homogenization) zones (Hildreth & Moorbath, 1988; Burns et al., 2015) , or by additions of a hotter, less viscous, denser magma (mafic) that stalls beneath the low-density, silicic mush (e.g. Wiebe et al., 2002) , commonly referred to as the basaltic shadowzone effect (e.g. Smith & Shaw, 1975) . Mushes have the potential to block any denser mafic re-intrusions at their bases and prevent significant mixing with the more mafic magma, limiting any potential convective mixing with the reactivated mush (self-mixing of Couch et al., 2001) . In both cases, it is possible that the baseline homogeneity is dictated by processes occurring in lowto mid-crustal MASH zones and can be modified by open-system processes in the upper crust.
Here we further explore the development and evolution of 'monotonous' intermediate magmas and their relationship to caldera-forming eruptions through a case study of the Cerro Guacha Caldera Complex (CGCC; Fig. 1a ) located in the Central Andes of South America. In particular, we focus on the eruptive products of the 3Á49 6 0Á01 Ma Tara ignimbrite-producing supereruption (>800 km 3 ; Fig. 1a ). One specific motivation is that, although the erupted volume is dominated (>90% by volume) by a crystal-rich 'monotonous' dacite ignimbrite (66-72 wt % SiO 2 ), a range of lithologies from andesite to rhyolite (61-78% SiO 2 ) also exists, attesting to hand-sample scale heterogeneity in the dominantly dacitic magma reservoir. Although this range of lithologies is not unique to the CGCC, the minor compositions of these 'monotonous' systems have been insufficiently studied, yet they reflect the processes involved during magma petrogenesis. A detailed study of these minor lithologies is needed to elucidate the origin of geochemical heterogeneity and its implications for the construction of 'monotonous' intermediate magma systems. A second reason for studying this eruption is that the Tara eruption, which is the second cycle of the G2CC, and the resulting caldera, the Guacha II Caldera (G2C), are well exposed and all phases of the caldera cycle from pre-to post-climactic are well preserved. This affords a rare opportunity to track magma evolution and dynamics throughout an entire caldera cycle. Finally, the Tara ignimbrite shares many characteristics with other monotonous ignimbrites that have erupted in the Central Andes (de Silva & Francis, 1989; Lindsay et al., 2001b; Schmitt et al., 2001; Folkes et al., 2011b) and elsewhere, allowing the results of our study to provide a broader insight into those systems. Accordingly, we present mineral descriptions and chemical analyses of stratigraphically well-constrained samples defining the pre-, syn-and post-climactic eruptive stages of the G2C. We use radiogenic and stable isotopes, as well as major and trace elements from whole-rock and matrix glasses, to establish the magmatic lineage of the various juvenile compositions. Using mineral chemistry, we determine the preeruptive storage conditions and present a possible model for magmatic evolution integrated within the volcanological framework. The model emphasizes the relative roles of various processes; in particular, the role of andesitic recharge in producing heterogeneity in 'monotonous' silicic magmas. Ort, 1993; Ort et al., 1996; Lindsay et al., 2001a; Schmitt et al., 2001; de Silva et al., 2006; de Silva & Gosnold, 2007; Soler et al., 2007; Salisbury et al., 2011) . The distributions of the Guacha and Tara ignimbrites are shown as blue and green continuous lines, respectively. The existing outcrop of the Tara ignimbrite is shaded green. Known extent of the Tara fallout deposit shown by the black dashed line. Numbers refer to the samples listed in Table 1 and Supplementary Data Appendix C and colors refer to eruptive deposit: blue, plinian fallout; green, ignimbrite; red, post-climactic domes. (b) Topographic map from www. geomapapp.org (Ryan et al., 2009) outlines the known extent of the Guacha II Caldera and the three post-climactic domes located within the caldera.
BACKGROUND Geological and geophysical context of the Cerro Guacha Caldera Complex (CGCC)
The CGCC is one of several caldera complexes that constitute the Altiplano-Puna Volcanic Complex (APVC; de Silva, 1989; Fig. 1a) . This caldera and ignimbrite plateau formed during an $11 to 1 Ma ignimbrite flare-up during which >15 000 km 3 of magma erupted, depositing voluminous crystal-rich ignimbrites. The APVC is built on the Altiplano-Puna plateau, a 350-400 km wide plateau that extends $1800 km north-south with an average elevation of $4000 m and with volcano summits of over 6000 m (Allmendinger et al., 1997) . Crustal thicknesses of up to 80 km underpin this plateau (Zandt et al., 1994 Beck et al., 1996) . The basement to the APVC belongs to the Paleozoic Arequipa-Antofalla terrain-a high-temperature metamorphic terrain with abundant granitoid intrusions that formed in response to Paleozoic subduction (Ramos et al., 1986; Lucassen et al., 2000) . The Paleozoic metamorphic-magmatic basement is largely homogeneous. The majority of basement compositions sampled by Lucassen et al. (2001) Fig. A1 ; supplementary data are available for downloading at http://www.petrology. oxfordjournals.org) and are felsic in composition, consistent with the thick, weak, and felsic properties of the crust beneath the Central Volcanic Zone (CVZ; Beck et al., 1996) . Neodymium model ages of exposed Paleozoic metamorphic-magmatic basement and sediments suggest a uniform Proterozoic protolith, itself derived from intrusions and sedimentary rocks (Lucassen et al., 2001) , attesting to the important role of crustal recycling during the growth of the Central Andean margin (McLeod et al., 2013) .
The plutonic underpinnings to the APVC have been identified through seismic, gravity, and magnetotelluric studies (Chmielowski et al., 1999; Brasse et al., 2002; Gö tze & Krause, 2002; Zandt et al., 2003; Comeau et al., 2015) . A low-velocity zone, dubbed the Altiplano-Puna Magma Body (APMB; Chmielowski et al., 1999) , is modeled from $9 to 30 km depth (4-25 km below sea level) and is estimated to have a volume of $500 000 km 3 with up to 25% partial melt (Ward et al., 2014) . The APMB is interpreted as an upper crustal MASH zone (de Silva et al., 2006; Muir et al., 2014a Muir et al., , 2014b Ward et al., 2014; Burns et al., 2015) . Mafic samples originating from the APMB are rarely erupted; however, Hawkesworth et al. (1982) identified basaltic andesite inclusions in the PuricoChascon Volcanic Complex (Fig. 1a) . Davidson et al. (1990 Davidson et al. ( , 1991 and Burns et al. (2015) have since identified these as the most mafic ($55 wt % SiO 2 ) and 'primitive' ( 87 Sr/ 86 Sr ¼ 0Á7057-0Á7061) eruptive products in the APVC and interpreted them as magmas from the APMB.
The CGCC is a complex system with two overlapping uplifted (resurgent) blocks: the older caldera (Guacha I; Fig. 1a ) formed during the eruption of the eponymous 1300 km 3 dense rock equivalent (DRE) Guacha ignimbrite, at 5Á65 6 0Á01 Ma (Salisbury et al., 2011) . A complete study of the geochronology, volcanology, and petrology of the Guacha I Caldera and the Guacha ignimbrite has been made by Iriarte (2012) . The subject of the present paper, the eruption of the >800 km 3 DRE Tara ignimbrite (3Á49 6 0Á01 Ma), resulted in the second caldera collapse and the formation of the Guacha II Caldera (G2C; Fig. 1a ). The Tara ignimbrite is separated from the underlying Guacha ignimbrite by a gravel layer, part of a $2 Ma eruptive hiatus (Fig. 2) .
The lithologies of the Guacha II Caldera cycle
The outflow Tara ignimbrite has been correlated over a 2300 km 2 area within Bolivia and a 1800 km 2 area in Chile and parts of Argentina ( Fig. 1a ; Lindsay et al., 2001a; Salisbury et al., 2011; Ort et al., 2013) . The outflow consists of one cooling unit composed of up to four flow units with a prominent pumice fallout deposit at the base (Fig. 2) . The basal fallout pumice consists of pinkish-white, 3-5 cm, aphyric to crystal-poor rhyolitic pumice (0-10 vol. % phenocrysts, vesicle-free basis; Supplementary Data Fig. A2 ). The major mineral phases include plagioclase and quartz with trace amounts of zircon and apatite (Supplementary Data Appendix B). Large clear to pinkish quartz crystals (>1 mm) with naturally glassy melt inclusions are ubiquitous in the pumice. Although biotite, pyroxene, sanidine, and ilmenite exist in mineral separates, they are rarely seen in pumice clasts (each <1 vol. %). The dacitic pumices that dominate the ignimbrite flow units reach 30 cm in maximum dimension and range in crystal content from 25 to 30 vol. % (Supplementary Data Appendix B). Phenocrysts in these pumices consist of plagioclase, quartz, hornblende, biotite, sanidine, and Fe-Ti oxides, with zircon and apatite as accessory phases (Supplementary Data  Fig. A2 ). White crystal-poor pumice, grey, crystal-rich pumice inclusions, banded pumice and isolated scoria clasts are also present in minor quantities in the Tara ignimbrite units.
The massive, welded, intracaldera Tara dacitic ignimbrite is > 1Á4 km thick (Fig. 2) , and its base has not been identified. Where the intracaldera ignimbrite is thinnest, on the eastern part of the resurgent dome, a basal andesite lava flow overlies the older Guacha ignimbrite. The andesite is the oldest material erupted in the pre-caldera sequence for the Tara eruption (Fig. 2) . The crystal-rich ($40 vol. %) andesite is porphyritic and fine-grained, and contains plagioclase, orthopyroxene and ilmenite (Supplementary Data Appendix B) in a groundmass of microcrystalline feldspar, pyroxene, FeTi oxides and altered glass. Based on outcrops of the intracaldera and outflow ignimbrite we have studied, we estimate that the dacitic pumice represents >90% of the volume of the Tara magma.
Three dacite-rhyolite lava domes, from west to east, Chajnantor Dome, Rio Guacha Dome, and Chajnantor Lavas, were emplaced on the northern edge of the Guacha II resurgent dome ( Fig. 1b ; Salisbury et al., 2011) . Stratigraphic relations suggest that this effusive activity closely followed resurgent doming during a time interval that is not resolvable by the 40 
METHODS

Samples
We sampled the vertical and horizontal extent as well as the range of lithologies erupted from the G2C ( Fig. 1a ; Table 1 ; Supplementary Data Appendix C). We were motivated to understand the origin of handsample scale heterogeneity in these 'monotonous' systems, and therefore our sample set is not representative of the volumetric proportions of the lithologies. We have deliberately oversampled the minor lithologies, including the rhyolites and andesites. The sample set thus includes the andesite lava and scoria (n ¼ 2), banded pumice (n ¼ 6), pumice from the fallout deposit (n ¼ 7) and the large-volume ignimbrite (n ¼ 55), as well as lavas from three post-climactic effusive domes (Supplementary Data Appendix C). In the case of the fallout deposit, we collected pumice >5 cm where possible, to minimize the effect of magma fragmentation and atmospheric transport on pumice chemistry in fallout deposits (Wolff, 1985) . Preference was given to fresh samples with no visible signs of oxidation (e.g. Grocke et al., 2016) . Splits were crushed and powdered in a tungsten carbide vessel using a shatter box. Other subsamples were used for mineral separates and polished sections. For samples labeled 'this study' in Table 1 and Supplementary Data Appendix C we include new major and trace element data (n ¼ 68) and radiogenic isotope data (n ¼ 8); these include samples with data from an unpublished dissertation of Lindsay (1999) , and from the unpublished thesis of Iriarte (2012) . We augment data from this study with five published major and trace element analyses on the Tara deposits (Salisbury et al., 2011) . We compiled new oxygen isotope data (n ¼ 6) from handpicked quartz crystals with two previously published analyses on quartz from the Tara ignimbrite (Folkes et al., 2013 ; Supplementary Data Appendix C). New major and trace element analyses of matrix glass were performed on specific samples within the fallout pumice (sample 09008, n ¼ 15), ignimbrite pumice (samples LA1 and Tara-96h-28, n ¼ 19), and the Chajnantor Dome lava (sample B06024, n ¼ 15; Supplementary Data Appendix D).
Whole-rock major and trace element analyses
New whole-rock major elements were measured using standard X-ray fluorescence (XRF) techniques using a Fig. 2 . Generalized intra-and extra-caldera stratigraphy for the Guacha II Caldera with vertical scale shown. Modified from Lindsay et al. (2001a) . Unit symbols modified from Brown et al. (2007) . Ignimbrite age is from laser-fusion 40 Ar/ 39 Ar of sanidine with 2r error from Salisbury et al. (2011) . Ramos (1992) and in Supplementary Data Appendix A.
Single crystal O-isotope analyses
Handpicked quartz crystals from representative samples were analyzed at the University of Oregon for oxygen isotope compositions (Bindeman, 2008 
Matrix glass major and trace element analyses
Major element compositions of matrix glasses were obtained by electron microprobe analysis (EPMA) using a Cameca SX-100 system at Oregon State University. Analyses were conducted at 15 keV accelerating potential and a beam current of 30 nA using a focused beam and were performed on handpicked pumiceous glass fragments that were mounted in epoxy and polished to 1 lm. (Nielsen & Sigurdsson, 1981; Lowenstern, 1995) , we measured the count rate versus time and extrapolated back to time zero to obtain the correct Na counts. Primary standards used in analyses are listed in Supplementary Data Appendix A along with a discussion of our analytical tolerance for secondary standards.
Trace element concentrations of matrix glasses were obtained using a NewWave DUV 193 ArF Excimer laser ablation system connected to a VG PQ ExCell quadrupole ICP-MS system at Oregon State University. Site number refers to number or location on geological map (Fig. 1a) . *Referred to as sample TARA-96h-33 by Lindsay (1999) . References: a, this study [includes data from Lindsay (1999) and Iriarte (2012) Ablation was performed using He as a carrier gas (0Á8 l min -1 ). Matrix glass analyses were run at a pulse frequency of 4 Hz, using a 50 lm spot size with an ablation time of 45 s (see Kent et al., 2004) . Trace element abundances were calculated relative to the GSE-1G synthetic basalt calibration standard and the ATHO-G rhyolite used as a secondary standard. 29 Si was used as an internal standard in addition to average SiO 2 contents measured previously by the electron microprobe. Matrix glass was analyzed for trace elements. The error is < 10% for all trace elements except for Li, Cu, Y, Nb, Dy, and Er, which have <15% error.
Cathodoluminescence (CL) imaging
Quartz phenocrysts (n ¼ 7) were imaged by cathodoluminescence (CL) using a FEI Nova NanoSEM (scanning electron microscope) 600 equipped with a Gatan CL detector at the Smithsonian National Museum of Natural History.
Mineral major element analyses
Polished thin sections were prepared for mineral chemistry analysis for use in calculation of intensive parameters. Some analyses were performed on mineral separates when all minerals were not represented in thin section. Major elements were analyzed in minerals from the ignimbrite and fallout pumice using the Smithsonian JEOL-8900 microprobe at 15 kV accelerating potential and a beam current of 15 nA. Analyses were performed using count times ranging between 10 and 30 s on peak and background and a focused beam. Major elements in minerals from the post-climactic lava domes were analyzed using a Cameca SX-100 electron microprobe at Oregon State University at 15 keV accelerating potential and a beam current of 30 nA. Primary standards used in the analyses are listed in Supplementary Data Appendix A along with a discussion of our analytical tolerance for secondary standards. In the following discussion, we include feldspar analyses that have totals between 98 and 101 wt %, biotite analyses that have totals >93 wt %, and amphibole analyses that have totals between 96 and 100 wt %. Analytical errors for major components (>10 wt %) are considered to be 1-2% (rel.), and for minor components (1-10 wt %) analytical errors are 3-10% (rel.).
RESULTS
Whole-rock geochemistry: major and trace elements
The lithologies of the 3Á49 Ma Tara eruption define a high-K, calc-alkaline suite of andesite to high-Si rhyolite pumice and lavas with a total range of SiO 2 from 61 to 78 wt % (calculated anhydrous; Fig. 3 ). Representative whole-rock analyses are listed in Table 2 . SiO 2 correlates negatively with crystal content-the higher silica samples are also more crystal-poor. For example, the crystal-rich (35-45 vol. % crystals) post-climactic lava domes and pre-climactic andesite lava have lower silica than the dacite pumices, which have <30 vol. % crystals (Supplementary Data Appendix B). We identify two compositionally distinct groups of fallout pumice, A and B, that we distinguish as follows: pumice in Group A has high Rb and low Sr and Ba, whereas that in Group B has low Rb and high Sr and Ba ( most mafic samples within the suite. With increasing SiO 2 , linear trends are observed with decreasing FeO*, CaO, Al 2 O 3 , MgO, and TiO 2 , and increasing K 2 O contents (Figs 3 and 4). We plotted multiple trace elements against SiO 2 to identify the most incompatible element in the Tara suite. Rb displays strong incompatibility in the Tara system (Fig. 4d) , and therefore we use Rb as our preferred index of differentiation. Sr, Ba, and Zr, all compatible in the G2C system, show greater variability and scatter than major elements when plotted against SiO 2 (Fig. 5a-c ). This scatter is also evident when these trace elements are plotted against Rb ( Fig. 5d-f) .
Chondrite-normalized REE show consistent moderately steep patterns for all pumices and most lavas, with La/Yb between 10 and 13 (Fig. 6 ). The only anomaly is the Chajnantor Dome, the pattern of which is less steep (La/Yb ¼ 3). Although all samples show negative europium anomalies (average Eu/Eu* ¼ 0Á45), the Chajnantor Dome has the strongest negative Eu anomaly (Eu/Eu* ¼ 0Á18). Nd, and d
O determinations
The radiogenic isotope signatures of the eruptive units from the G2C are similar to those of other APVC ignimbrites (Fig. 7a) . Samples from the G2C define a range of 87 Sr/ 86 Sr ratios from 0Á709380 to 0Á713159 and a range of 143 Nd/ 144 Nd ratios from 0Á512179 and 0Á512297. Isotopic enrichment is generally correlated with SiO 2 content; the andesite lava and banded pumice are more isotopically 'primitive' than the dacitic ignimbrite pumice and the rhyolitic Chajnantor Dome lava. The fallout pumice is an exception to this trend as its isotopic signature is identical to that of the andesite lava despite its rhyolitic composition (Fig. 7a) . Average oxygen isotope values derived from multiple quartz crystals from the fallout and ignimbrite pumice and the Chajnantor Dome lava are very similar (d 18 O (qtz) ¼ þ8Á68 6 0Á17, þ8Á38 6 0Á14, and þ8Á51 6 0Á05%, respectively) and they do not systematically correlate with 87 Sr/ 86 Sr ratios (Fig. 7b ). 67Á94  71Á80  68Á75  73Á06  74Á21  74Á70  63Á58  62Á82  60Á00  TiO 2  0Á28  0Á27  0Á49  0Á14  0Á08  0Á06  0Á83  0Á89  1Á09  Al 2 O 3  12Á54  13Á45  14Á78  12Á68  12Á30  12Á93  15Á97  16Á56  17Á34  FeO*  2Á40  1Á36  2Á68  0Á82  0Á68  0Á19  4Á23  4Á67  5Á30  MnO  0Á06  0Á06  0Á06  0Á04  0Á07  0Á03  0Á06  0Á07  0Á09  MgO  0Á36  0Á29  0Á91  0Á12  0Á07  0Á02  1Á61  1Á60  2Á60  CaO  1Á75  1Á35  2Á51  1Á04  0Á67  0Á51  4Á39 Nd/ 144 Nd 0Á512224 (9) 0Á512226 (11) 0Á512294 (11) 
fp, fallout pumice; ip, ignimbrite pumice; dl, dome lava; as, andesite scoria; w.r., whole-rock; LOI, loss on ignition; glass is an average of multiple glass analyses on single sample, 09008 (n ¼ 15); LA1 (n ¼ 12); B06024 (n ¼ 15). n.d., not determined; total Fe is expressed as FeO; errors on isotopic compositions are given in parentheses; d
18
O is reported as averages from two quartz crystals from each sample; oxides are in wt % and were analyzed via electron microprobe and trace elements are in ppm and were analyzed via LA-ICP-MS (see Methods).
Phase chemistry Matrix glass
With respect to all major and trace elements, the matrix glass from a rhyolitic fallout pumice sample (09008) is less evolved (lower SiO 2 , K 2 O, and Rb, and higher MgO, CaO, Ba, Sr, and Zr) than the matrix glass from both the ignimbrite pumice and the Chajnantor Dome lava (Fig. 8) . The ignimbrite pumice matrix glass varies in composition and plots between the fallout and Chajnantor Dome matrix glass in all cases. REE patterns are steep for the fallout and ignimbrite pumice matrix glass, which have indistinguishable average La/Yb values of 11 (Fig. 6 ). Consistent with the bulk pumice samples, matrix glass from the Chajnantor Dome lava has shallower REE patterns with an average La/Yb value of three, attributed to significantly lower LREE compositions indicating further fractionation beyond that experienced by the ignimbrite and fallout pumice. Although all samples show negative Eu anomalies, matrix glass from the Chajnantor Dome has the strongest negative Eu anomaly (average Eu/Eu* ¼ 0Á09) and the ignimbrite pumice glass has a stronger negative Eu anomaly than the fallout pumice glass (average Eu/Eu* ¼ 0Á34 versus 0Á45, respectively). These findings are consistent with the respective whole-rock characteristics.
Feldspar
A complete list of feldspar analyses is presented in Supplementary Data Appendix E, and textures and compositions are shown in Supplementary Data Fig. A4 and Fig. 9 , respectively. Representative feldspar analyses are presented in Table 3 . Plagioclase is the most abundant phenocryst phase in all pumice and lava types. All plagioclase crystals from the andesite lava are fractured and normally zoned, with high anorthite contents (averages for cores and rims of An 80 vs An 75 , respectively; Fig. 9 , Table 3 ). Plagioclase forms <1 vol. % of the fallout pumice and exhibits no distinguishable core to rim variations (An 49-51 ). Plagioclase crystals from the fallout pumice have significantly lower anorthite than plagioclase from the andesite lava, yet relatively high anorthite contents for a high-Si rhyolite (average An 50 ; Table 3 , Fig. 9 ). Pumice from the Tara ignimbrite contains $10-15 vol. % plagioclase phenocrysts that have low anorthite contents with respect to the other G2C units (average An 44 ). Phenocrysts are often fractured, have sieve-textured cores and thin rims, and show a range in rim composition of An (Fig. 9 ). Sanidine (average composition ¼ An 1 Ab 24 Or 76 ) is also present in the Tara ignimbrite pumice, but is less common (<5 vol. %; Supplementary Data Appendix B; Fig. 9 ). The Chajnantor Dome lava contains abundant sanidine ($15 vol. %) as well as plagioclase ($5 vol. %; Fig. 9 Fig. 7 . (a) Sr-Nd isotopic data for Tara pumices and lavas and various volcanic centers from the Central Volcanic Zone (CVZ) in the Andes. Radiogenic isotopic data support pervasive assimilation of continental crust in the Central Andean ignimbrite magmas, which has been well established (Klerkx et al., 1977; Hildreth & Moorbath, 1988) . The fields of Western and Eastern Altiplano-Puna Volcanic Complex (APVC) magmas are from Lindsay et al. (2001b) and Schmitt et al. (2001) . Field for Cerro Galan magmas is from Francis et al. (1989) , Kay et al. (2011) and Folkes et al. (2011b) . Purico mafic inclusion compositions are from Hawkesworth et al. (1982) and Burns et al. (2015) . A simple mixing model is shown using assimilation-fractional crystallization modeling (DePaolo, 1981) for progressive amounts of crustal mixing (10% increments) with a basaltic magma. The model end-member compositions are included in Supplementary Data Appendix L. The range in basement end-member compositions (represented by the gray field) is from Lucassen et al. (2001) , with the most common basement compositions (Fig. A1) shown as a patterned field. The Tara magmas represent between $50 and 70% assimilation, whereas the Purico mafic inclusions represent $20-30% assimilation of crustal lithologies by mantle-derived basalts. Sr. The field for APVC ignimbrites is a compilation of data from Lindsay et al. (2001a) and Schmitt et al. (2001) . Ignimbrite pumice oxygen isotope analyses from Folkes et al. (2013) are shown as filled green triangles and Purico mafic inclusions from Hawkesworth et al. (1982) are shown as filled black diamonds. Fig. 9 ). The other two dome lavas from the Rio Guacha Dome and the Chajnantor Lavas contain only plagioclase feldspar and no sanidine (Fig. 9) . Plagioclase in both lavas is euhedral-subhedral and is often fragmented into irregular or straight margin pieces. Chajnantor Lavas contain $25 vol. % plagioclase, all of which has indistinguishable core and rim compositions (An 48 ). The Rio Guacha Dome also contains abundant plagioclase ($20%), all of which has indistinguishable core and rim compositions (An 56 ) that are slightly more anorthite rich than those from Chajnantor Lavas (Table 3 , Fig. 9 ).
Quartz
Quartz is abundant (<20 vol. %; Supplementary Data Appendix B) as a phenocryst phase in all eruptive phases of the Tara system. The crystals often exhibit bipyramidal crystal shapes (<2 mm diameter), a pink-purple hue, and are often fractured. In preparation for a future study on quartz-hosted melt inclusion compositions, we focused on quartz from the fallout pumice and the distal ignimbrite; distal pyroclastic deposits (e.g. sample LA1) and quenched fallout deposits are more likely to host naturally glassy melt inclusions owing to rapid cooling (Grocke et al., 2016) . In these deposits, compositional zoning in single quartz phenocrysts is apparent in CL images (Supplementary Data Fig. A5 ). In all cases (n ¼ 7), quartz phenocrysts contain CL-dark cores that are rounded and overgrown by distinct, bright-CL rims visible in CL imaging. Oscillatory zonation can be easily identified within only one of the six samples.
Mafic mineral phases
Biotite is the most common ferromagnesian phase in all Tara deposits. A complete list of biotite analyses is presented in Supplementary Data Appendix F and textures are shown in Supplementary Data Fig. A6 . Representative biotite analyses are presented in Table 4 . Biotite crystals from the fallout pumice exhibit a narrow compositional range with mg-number
)] from 0Á46 to 0Á48 (n ¼ 5). Biotite crystals from the ignimbrite pumice tend to have more magnesium than those from the fallout pumice and exhibit more variable compositions (Mg# 0Á39-0Á64; n ¼ 71; Table 4 ). Most crystals from the Chajnantor Dome lava are compositionally less magnesian (Mg# 0Á31-0Á39; n ¼ 5) than those from the fallout and ignimbrite pumices; however, the lava contains a subpopulation of biotite that has distinctly higher magnesium contents (Mg# 0Á40-0Á65; n ¼ 3; Table 4 ), similar to those found in the ignimbrite pumice.
Amphibole is found only in the ignimbrite pumices (up to 5 vol. %) and the crystal-rich Rio Guacha Dome lava (up to 10 vol. %; Supplementary Data Appendix B). A complete list of amphibole analyses is presented in Supplementary Data Appendix G and 7Á37  0Á28  0Á35  0Á39  0Á45  0Á13  0Á17  MgO  0Á00  0Á04  0Á01  0Á02  0Á00  0Á00  0Á07  0Á08  TiO 2  0Á00  0Á00  0Á01  0Á01  0Á01  0Á01  0Á04  0Á04  MnO  0Á02  0Á31  Sum  100Á76  99Á03  100Á09  100Á00  99Á54  99Á88  99Á53  99Á76  Ab  25  56  38  42  44  48  20  22  Or  74  44  2  2  2  3  1  1  An  1  1  60  56  53  50  79  77 fp, fallout pumice; ip, ignimbrite pumice; dl, dome lava; al, andesite lava. Oxides are in wt %.
textures are shown in Supplementary Data Fig. A4 . Representative amphibole analyses are presented in Table 5 . In both the ignimbrite pumice and Rio Guacha Dome lava, amphibole mg-numbers range from 0Á56 to 0Á66 (average 0Á62; Table 5 ). No core to rim variation is observed in any of the sampled amphibole crystals and they are all compositionally classified as magnesiohornblende following the nomenclature of Leake et al. (1997) (see Supplementary  Data Fig. A7 ).
Pyroxene is present as a minor phase in most Tara deposits but it is a major phase in the andesite lava (Supplementary Data Appendix B) 36Á92  35Á95  38Á48  35Á60  35Á80  35Á41  35Á38  34Á57  35Á43  TiO 2  4Á48  4Á21  4Á34  4Á46  4Á50  4Á49  4Á22  4Á80  4Á10  Al 2 O 3  13Á96  13Á28  13Á71  14Á09  13Á70  13Á86  14Á97  13Á52  13Á29  Na 2 O  0 Á33  0Á48  0Á69  0Á36  0Á40  0Á12  0Á29  0Á33  0Á36  K 2 O  8 Á55  8Á49  8Á19  8Á41  8Á80  8Á37  9Á18  8Á73  9Á34  FeO*  21Á11  17Á14  17Á70  23Á77  18Á80  20Á39  20Á73  21Á83  24Á56  MnO  0Á25  0Á21  0Á18  0Á41  0Á30  0Á24  0Á17  0Á33  0Á50  MgO  10Á40  13Á17  13Á02  8Á98  11Á60  12Á11  10Á39  9Á52  8Á78  CaO  0Á07  0Á02  0Á04 
Oxides are in wt %. All analyses are from biotite cores. fp, fallout pumice; ip, ignimbrite pumice; dl, dome lava; b.d.l., below detection limit. T (R) and P (R) are the temperature and pressure calculated using the model of Ridolfi et al. (2010) . The error for each Ridolfi temperature is 22 C and that for pressure is shown.
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T (H&B) is the temperature calculated using the formulation of Holland & Blundy (1994) .
in the andesite (Supplementary Data Fig. A7c ; Supplementary Data Appendix H). Magnetite and ilmenite are both present in the Tara ignimbrite pumice as well as in the Rio Guacha Dome lava. Fe-Ti oxide analyses are presented in Supplementary Data Appendix I and representative analyses are shown in Table 6 . Touching Fe-Ti oxide pairs were analyzed where possible (Fig. A9 ) but all grains were treated as single ilmenite and magnetite analyses to process all possible mineral pairs. Fe-Ti oxide pairs pass the equilibrium test of Bacon & Hirschmann (1988;  Supplementary Data Fig.  A10 ). Only ilmenite is present in the andesite, fallout pumice and Chajnantor Lavas. The Chajnantor Dome contains ilmenite and magnetite, but both oxides exhibit pervasive alteration.
Additional textural descriptions of mafic phases are given in Supplementary Data Appendix A.
Modeled intensive parameters
We used amphibole compositions and the Ridolfi et al. (2010) formulation to calculate pressure, temperature, fO 2 , and H 2 O content (Supplementary Data Appendix J). All Tara ignimbrite and Rio Guacha dome amphibole data used to derive intensive parameters lie within the stability limits defined by Ridolfi et al. (2010) (see Supplementary Data Fig. A11 ). We also used amphibole and plagioclase pairs (Supplementary Data Fig. A4 ) and the Holland & Blundy (1994) formulation to calculate temperature (Supplementary Data Appendix K), and Fe-Ti oxide pairs using both the Andersen & Lindsley (1988) and Ghiorso & Evans (2008) models to calculate temperature and oxygen fugacity (fO 2 ; Supplementary Data Fig. A12) . A summary of all modeled intensive parameters is presented in Table 7 and Fig. 10 .
Based on the amphibole geobarometer of Ridolfi et al. (2010) , amphiboles in the Tara ignimbrite pumice yield pressures between $130 and 200 MPa (average 175 6 17 MPa) whereas pressures for the Rio Guacha Dome vary between $160 and 200 MPa (average 185 6 14 MPa), with one amphibole from the lava giving a higher pressure of 240 6 22 MPa ( Fig. 10b ; Supplementary Data A11a). Depths converted from the total range in pressure using an average continental crust density of 2Á7 g cm -3 are between 5 and 9 km. It should be noted that recent experimental studies (e.g. Erdmann et al., 2014) have been unable to reproduce experimental pressures relying solely on amphibole compositions, and therefore the pressure constraints derived here should be viewed with caution. We find good agreement between the various models (Andersen & Lindsley, 1988; Ghiorso & Evans, 2008; Ridolfi et al., 2010) used to estimate fO 2 (Table 7 ; Fig.  10c ), which we discuss further in Supplementary Data 0Á02  0  0Á00  0Á00  1Á32  0Á5684  0Á01  0Á02  TiO 2  8Á06  7Á97  41Á70  41Á28  10Á07  10Á26  45Á73  45Á14  Al 2 O 3  2Á11  2Á19  0Á16  0Á20  1Á62  2Á24  0Á03  0Á05  Fe 2 O 3  45Á76  47Á81  19Á42  19Á34  39Á91  40Á43  13Á95  15Á29  V 2 O 3  0Á45  0Á43  0Á26  0Á24  0Á52  0Á49  0Á20  0Á19  Cr 2 O 3  0Á02  0Á07  0Á02  0Á00  0Á05  0Á05  0Á01  0Á01  FeO  35Á03  35Á66  29Á10  31Á17  39Á13  38Á59  37Á51  36Á02  MnO  0Á38  0Á29  1Á27  0Á79  0Á44  0Á22  1Á33  1Á04  MgO  0Á72  0Á86  3Á17  2Á01  0Á21  0Á30  0Á87  1Á54  CaO  0Á05  0Á03  0Á02  0Á01  0Á13  0Á09  0Á02 Oxides are in wt %. All analyses are from oxide cores. *Geothermobarometry calculated for all possible magnetite-ilmenite pairs.
Appendix A. Here we discuss the total range in fO 2 that was estimated using all three models. Fe-Ti oxide and amphibole compositions from the Tara ignimbrite pumice yield a total range in fO 2 of DNNO þ0Á5 to þ 1Á7, very similar to the range in the Rio Guacha Dome (fO 2 between DNNO þ0Á2 and þ1Á4; Supplementary Data Figs A11b and A12). Based on the amphibole hygrometer of Ridolfi et al. (2010) , amphiboles in the Tara ignimbrite pumice yield H 2 O contents between 4Á2 and 5Á3 wt % (average 4Á7 6 0Á4 H 2 O) and H 2 O from the Rio Guacha Dome lava exhibits a similar range (4Á6-5Á5 wt % H 2 O) and a slightly higher average of 5Á0 6 0Á3 H 2 O (Supplementary Data Fig. A11c) . A comparison of temperature results from the different thermometers used here is shown in Supplementary Data Figure A13 and Table 7 . Amphibole crystals in the Tara ignimbrite yield temperatures between 825 and 905 C (average 869 6 18 C) using Ridolfi et al. (2010) , and, when paired with touching plagioclase, amphiboles yield slightly higher maximum temperatures that range between 800 and 950 C (average 881 6 36 C) using Holland & Blundy (1994) (see Table 7 , Fig. 10a and Supplementary  Data Fig. A13 ). For sample Tara-97h-13, we identified no touching pairs and applied average plagioclase rim compositions to the thermometer. The Andersen & Lindsley (1988) Fe-Ti oxide geothermometer yields slightly more constrained temperatures for the ignimbrite magma (800 and 850 C; average 825 6 28 C) than those calculated using Ghiorso & Evans (2008; 750 and 850 C; average 798 6 52 C) (see Table 7 ; Supplementary Data Figs A12 and A13). We find that amphibole gives higher maximum temperatures (<950 C) than those constrained from Fe-Ti oxides (<850 C) for the ignimbrite pumice, suggesting that amphibole was crystallizing at hotter conditions within the Tara magma chamber.
Amphiboles in the Rio Guacha Dome lava (sample B06023) yield temperatures between 835 and 890 C (average 866 6 18 C) using Ridolfi et al. (2010) and 870 and 940 C (average 902 6 26 C) using Holland & Blundy (1994) (see Table 7 , Fig. 10a and Supplementary Data A13). The Andersen & Lindsley (1988) Sr compositions between the eruptive units. -11Á22 6 0Á41 -12Á54 6 0Á63 -14Á45 6 0Á13 DNNO þ1Á20 6 0Á20 þ0Á82 6 0Á06 þ0Á66 6 0Á09 P (MPa) 175 6 17 Rio Guacha Dome Lava (sample B06023) T( C) 866 6 18 861 6 37 865 6 54 902 6 26 log (fO 2 ) -11Á29 6 0Á40 -12Á20 6 0Á80 -12Á21 6 1Á16 DNNO þ1Á23 6 0Á22 þ0Á40 6 0Á14 þ0Á37 6 0Á19 P (MPa) 185 6 14
Various formulations were used that correspond to different mineral oxythermobarometers.
between 825 and 940 C (average 861 6 37 C) and 800 and 965 C (average 865 6 54 C), respectively (Table 7 ; Supplementary Data Figs A12 and A13). Amphibole from the Rio Guacha Dome lava gives similar temperatures to amphibole from the Tara ignimbrite pumice, whereas FeTi oxides from the Rio Guacha lava yielded higher maximum temperatures than Fe-Ti oxides from the ignimbrite pumice ( Supplementary Data Fig. A13 ).
Fe-Ti oxides can re-equilibrate within weeks prior to eruption if pre-eruptive conditions (e.g. composition, temperature) change (Venezky & Rutherford, 1997) . Therefore, in our discussion below, we interpret the FeTi oxide temperatures to reflect conditions just prior to eruption. In using the Fe-Ti oxide results from Andersen & Lindsley (1988) our temperature calculations are consistent and comparable with data from other recent studies of arc magmas (e.g. Blundy et al., 2008; Folkes et al., 2011b) . However, we note that our conclusions would not change if we discussed the results using Ghiorso & Evans (2008) .
Density and viscosity
Estimates of magma density and viscosity can be made using pre-eruptive conditions, including temperature, pressure, and water content, as well as whole-rock compositions and crystal content. Melt densities were calculated taking into account pressure, temperature, and the wholerock composition of the andesite lava, the ignimbrite and the fallout pumice (Table 8; ). Anhydrous magma densities, however, that include crystals and interstitial melt vary between 2Á43 and 2Á74 g cm -3
; the fallout pumice has the lowest density and the andesite lava has the highest density. Melt viscosities were calculated using the method of Giordano et al. (2008) . Values of 10 3Á1 -10 5Á2 Pa s were obtained for all melts at their respective conditions (Table 8) . Taking into account the crystal content for each deposit, magma (bulk) viscosities range from 10 4Á5 to 10 6Á0 Pa s (Spera, 2000) .
DISCUSSION
Here we describe the development and evolution of the pre-eruptive G2C magma in the upper crust through an entire caldera cycle. The eruption of a dominantly dacitic ignimbrite suggests that the G2C system is typical of large 'monotonous' magma reservoirs that evacuate during a supereruption and form large resurgent calderas. Results from our study, however, focus on the range of juvenile compositions erupted that includes the minor lithologies (e.g. andesite and rhyolite). These results uniquely position us to understand the set of processes that lead to the construction and evolution of 'monotonous' magma systems. G2C magmas, like those throughout the APVC, are derived from mantle melts interacting with the crust (e.g. Hildreth, 1981 ; Fig. 7a) ; however, the characteristics of the source magmas and the mass balance of crust and mantle in the Neogene Central Andes is debated because no true primitive compositions have erupted on the Andean plateau since $25 Ma (Schmitt et al., 2001; Kay et al., 2010; Folkes et al., 2013) et al., 2015) . The only representative samples of these parental magmas are basaltic andesite compositions such as those found at the Purico-Chascon Volcanic Complex ( Fig. 1a ; Hawkesworth et al., 1982; Davidson et al., 1990; Schmitt et al., 2001; Burns et al., 2015) .
Upper crustal magma evolution of the G2C magmatic system-open-and closed-system processes that lead to the development and construction of 'monotonous' silicic magmas
Variations in Sr and Nd isotopes imply that various degrees of crustal assimilation and fractional crystallization (AFC) took place to produce the Tara magmas (Fig. 7a) . However, there is also clear evidence in the whole-rock major and trace element compositions and textures that recharge and binary mixing played strong roles in the evolution of the G2C magmas. We explore the relative roles of each of these processes below.
Variations in radiogenic isotopes and trace elements explained by AFC
We assess AFC using the energy-constrained assimilation-fractional crystallization (EC-RAxFC) models of Bohrson & Spera (2007) (see Fig. 11 and Supplementary Ignimbrite pumice densities and viscosities calculated using the range of pumice compositions in the ignimbrite.
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Fallout pumice densities and viscosities calculated using the average pumice composition in the fallout deposit.
Data Appendices L and M). In our models, we test whether the APMB-derived Purico-Chascon basaltic andesite mafic inclusions could be parental to the suite of G2C magmas (Fig. 11) . We restricted candidates for crustal end-member assimilants to the Andean crustal lithologies reported by Lucassen et al. (2001) Sr between 0Á708 and 0Á840 for the Ordovician granitoids and Chilean gneisses; Supplementary Data Fig. A1; Fig. 7a ), the majority (60%) of basement lithologies reported by Lucassen et al. (2001) Sr ¼ 0Á713, Rb $300 ppm); however, two stages of AFC can (Fig. 11) . In the first stage (Stage 1; Fig. 11 Sr $0Á710-0Á713; Fig. 11 ). The second stage of AFC does not intersect the data for the Chajnantor Dome lava, which has a Sr isotope ratio identical to that of the most enriched ignimbrite pumice ( 87 Sr/ 86 Sr ¼ 0Á713), but is offset to higher Rb ($400 ppm). It is possible that the composition of the Chajnantor Dome can be explained by continued assimilation if, over time, the assimilant became depleted in Sr, a natural consequence of mass exchange, resulting in minimal changes to the isotopic ratio despite increases in Rb. Alternatively, the origin of the Chajnantor Dome lavas may require processes in addition to AFC, which we explore below.
We interpret Stage 1 to occur in the APMB to produce derivative andesites and dacites that ascend and build the pre-eruptive reservoirs. This is consistent with the first stage of the model, in which Sr acts incompatibly (D Sr <1), as expected if melts ascended from the mid-crust ($9-30 km depth; Fig. 11 ). The requirement for a second stage of AFC modeling suggests that the more isotopically enriched samples were derived from the G2C andesite and banded pumice through AFC in the upper crustal reservoir between 5 and 9 km depth. This interpretation is consistent with Stage 2 of the model, in which Sr acts compatibly (D Sr >1) owing to extensive plagioclase fractionation (Fig. 11) .
AFC modeling suggests that the APMB-derived Purico-Chascon basaltic andesite mafic inclusions could be a suitable parent to the andesites and banded pumices erupted from the G2C; however, the modeling excludes the possibility that the inclusions are a viable parent for the entire suite of G2C magmas. Although this two-stage model solution is non-unique, as there are additional basement lithologies that can be considered as candidate end-member assimilants, the requirement for a multi-stage model in which different lithologies are being assimilated implies that the basement in the region probably changes temporally and spatially.
AFC can explain the range in radiogenic isotopic compositions within the G2C magmas, but cannot explain the following geochemical heterogeneities: (1) low-SiO 2 and -Rb lithologies that show significant scatter in both major and trace elements (Fig. 5) ; (2) the fallout rhyolite pumice that has an isotopic composition identical to the andesite (Fig. 7a) ; (3) the high-Si rhyolites including the Chajnantor Dome lava (Fig. 11) . To explain the origin of these three types of minor lithologies we explore various processes that may have occurred in combination with Stage 2 of AFC in the upper crust.
Major and trace element variations at low SiO 2 and Rb explained by recharge and mixing
Andesite lava and scoria, and banded pumices that erupted throughout the volcanic history of the CGCC, represent macroscopic evidence of mafic recharge occurring beneath the CGCC. Extrusion of andesite lava is the first eruptive event of the G2C (Fig. 2) (Martel et al., 1999) . Thus cooling and crystallization of the andesite in the cooler dacitic magma reservoir, or at its base, may have produced the Ca-rich rims identified on orthopyroxene.
Mineral textures in the silicic compositions also indicate mafic recharge. All quartz crystals imaged using CL from the fallout and ignimbrite pumice have bright rims with respect to their cores (Supplementary Data Fig. A5 ). Bright CL rims may reflect higher magmatic temperatures relative to those in which the quartz cores crystallized and/or an increased concentration of Ti in the melt (e.g. Wark & Watson, 2006; Huang & Audé tat, 2012) . Bright rims may therefore reflect the intrusion of a less evolved magma and provide additional evidence of recharge being recorded in quartz from the fallout and ignimbrite pumice. We also find that plagioclase crystals in the ignimbrite pumice often have rims that are more anorthite-rich than the cores (Table 3 ; Fig. 9) ; we interpret this reversely zoned texture as additional evidence of interaction with a higher temperature, more mafic melt (Tsuchiyama, 1985; Housh & Luhr, 1991; Tepley et al., 1999; Davidson et al., 2001; Blundy et al., 2006) .
Geochemical modeling supports the geological evidence that mixing between the andesite and more isotopically depleted ignimbrite magmas occurred to produce some of the geochemical heterogeneity observed in the major and trace element signatures. Major elements show linear trends of decreasing FeO*, CaO, Al 2 O 3 , MgO, and TiO 2 and increasing K 2 O with increasing SiO 2 , which could be consistent with either simple binary mixing between andesite and high-Si rhyolite magmas or crystal fractionation, as both of these processes are linear on these plots (Figs 3 and 4 ). The table shows the results of least-squares major element modeling (after Stormer & Nichhols, 1978; using PetroGraph, Petrelli et al., 2005) to test whether the possible parent-daughter compositions are related by fractional crystallization. F, fraction of melt remaining. For major element modeling, Model 1 uses mineral compositions from the parent andesite, and the magnetite composition reported by Schmitt et al. (2001) for an andesitic pumice. Model 2 uses mineral compositions from the daughter rhyolite, which are very similar to the mineral compositions from the parent dacite, with the exception of the plagioclase, which is more albitic in the rhyolite lava. Mineral-melt partition coefficients indicated with superscript letter refer to: 87 Sr/ 86 Sr ratios for those samples for which isotopic data are also reported. Fallout pumice is distinguished into Group A vs Group B, and those ignimbrite pumice samples for which we have isotopic data or that are used as end-member compositions for modeling are shown as filled green triangles. All other ignimbrite pumice samples are shown as light grey triangles. Simple two-component mixing trends (gray and black lines) are the same as those shown in (a) and (b). Rayleigh fractionation trends are shown as orange (dacitic ignimbrite pumice to rhyolitic Chajnantor dome lava) and red (andesitic lava to rhyolitic fallout pumice from Group B). Fractionation modeling parameters are listed in Table 9 . In all models, each tick represents 10% mixing or fractionation.
Similarly, trace elements, specifically Rb and Sr, show linear trends with increasing SiO 2 (Figs 4 and 5) supportive of either mixing or crystal fractionation. Ba and Zr, however, show significant scatter when plotted against SiO 2 and Rb, particularly at low SiO 2 and Rb concentrations (Fig. 5) . For example, a plot of Ba versus Rb, two trace elements that have very different compatibilities in the Tara magmatic system (D Rb ¼ 0Á22; D Ba ¼ 3Á35; Table 9 ), does not produce a single linear trend (Fig. 5e ). This suggests that multiple processes were probably occurring in the upper crustal magma reservoir. For mixing to be a viable process, a wide range of parent magma compositions are required to have intruded and mixed. In this case, the scatter in the trace elements is related to the degree of mixing and the composition of the end-members. To test this hypothesis, we calculated two simple mixing models in both major and trace element space (Supplementary Data Appendix N; Fig. 12a, b and d-f) . To show the end-member compositions of possible parents we used an andesitic composition (sample BOL10013; 87 Sr/ 86 Sr ¼ 0Á710) and one of the least differentiated ignimbrite pumice compositions (Tara-96h-20) as the mafic end-members in the two mixing models (black and grey lines in Fig. 12 ; Supplementary Data Appendix N). The scatter in the majority of the trace element data is at low concentrations of SiO 2 and Rb and ends between 73 and 75 wt % SiO 2 and 200 and 250 ppm Rb, where the data begin to define a more linear trend. Therefore, we chose two more differentiated endmembers (samples 88037 and Lomo-97h-2b) that mark the transition between the scatter in the data and the more defined trend. Using the same end-member compositions in all plots (Fig. 12) , variable degrees of mixing can explain the scatter at low SiO 2 and Rb concentrations, including the compositions of the banded pumices and an array of intermediate ignimbrite magmas, across both major and trace element space (Fig. 12a, b and d-f , respectively). Integrating the variations in major and trace elements, particularly at low SiO 2 and Rb, with the evolution in radiogenic isotopes suggests that twocomponent mixing was occurring in combination with AFC (see schematic model 2a in Fig. 11 ).
The fallout pumice explained by fractionation from andesite
Although compositions within Group B of the fallout pumice also lie at relatively low Rb (Fig. 5d and e) , specifically when compared with Group A of the fallout pumice, they are unlikely to have formed via mixing. First, isotopically they are identical to the andesites and banded pumices ( 87 Sr/ 86 Sr ¼ 0Á709-0Á710; Fig. 11 ).
Second, if the fallout pumice did form via mixing, we would expect intermediate magmas to have formed that have equally depleted isotopic compositions, yet such magmas have not been found (Fig. 12d-f) .
We analyzed the mineral chemistry and matrix glass from a pumice (sample 09008) within Group B and found multiple lines of evidence to suggest that some of the magma sampled by the plinian eruption fractionated directly from the andesite. First, matrix glasses from this fallout pumice sample, although still rhyolitic, are the least evolved of the entire suite (Fig. 8) ; using SiO 2 as a fractionation index, the matrix glasses from the fallout pumice overlap or are less evolved (SiO 2 $75 wt %) than glasses from the ignimbrite pumice (sample LA1; SiO 2 ¼ 75-78 wt %). Second, the chemical composition of orthopyroxene from the fallout pumice is identical to that of pyroxene from the andesite lava (Ws 2 En 79 Fs 19 ; Fig. A7c) , suggesting that the orthopyroxenes in the fallout pumice are xenocrysts, or crystals wholly or in part foreign to the magmatic host and magma system (e.g. Jerram & Martin, 2008 ) that were picked up from the andesite. Lastly, plagioclase crystals within the fallout pumice show no evidence for reverse zoning, but rather show either chemical homogeneity from core to rim or minor normal zonation (Fig. 9) . Reverse zoning, like that observed in plagioclase crystals from the ignimbrite pumice, would be expected if recharge and chemical mixing was influencing the fallout magma. In addition, plagioclases within the fallout pumice have relatively high anorthite contents ($An 50 ) that suggest that they are also probably xenocrysts.
If the fallout pumice did indeed fractionate entirely from the andesite, then no dacite with isotopic compositions shared with the plinian rhyolite and recharging andesite ( 87 Sr/ 86 Sr ¼ 0Á710) appears to have been produced (or at least sampled; Fig. 12d-f) . In this scenario, the rhyolite may have fractionated from the andesite leaving no intermediate products, similar to what was originally described by Daly (1925) and has been seen in multiple ignimbrite-producing systems since (e.g. Fowler et al., 2007) . In the case of the G2C, this was probably achieved when plagioclase, orthopyroxene, and ilmenite, the mineral phases identified in the Tara andesite (Supplementary Data Appendix B) , crystallize together, resulting in a very shallow liquidus slope that produces a rapid change in composition of the residual liquid with very little change in temperature, as has been postulated for the Caspana Ignimbrite in the Central Andes (de Silva, 1991) and Medicine Lake Volcano in California (Grove & Donnelly-Nolan, 1986) . This model is supported by the whole-rock REE data: the fallout pumice records a stronger negative Eu anomaly than the andesite magma (Eu/Eu* ¼ 0Á41 and 0Á60, respectively; Fig. 12c ) and has a higher La/Yb ratio (12 and 10, respectively), which could be explained if the rhyolite fractionated directly from the andesite.
Based on whole-rock, glass, and mineral analyses, the Group B fallout pumices have a distinct origin, consistent with a model in which they fractionated directly from the andesite. To test this hypothesis, we modeled major element crystal fractionation using the leastsquares mass-balance method of Stormer & Nicholls (1978) . Although this method does not provide a unique solution and assumes a constant fractionating phase assemblage, the results can indicate whether fractional crystallization was driving the variation observed in major elements. Using PetroGraph (Petrelli et al., 2005) , we input the parental (andesite lava) and residual (rhyolite fallout pumice) compositions with the assumption that the whole-rock (crystals þ glass) is representative of the bulk liquid (we ignore the potential presence of xenocrysts in these rocks). We input mineral data from the parental andesite to calculate the proportions of fractionating phases and the fraction of liquid remaining (F; Table 9 ). Assuming simple Rayleigh fractionation, the results from major element modeling (e.g. the proportion of minerals fractionated) were used to model trace element behavior using distribution coefficients (K D ) from the literature.
The model examines whether the andesite magma could have fractionated to form the rhyolitic magma that was sampled by the plinian eruption. The results indicate that the Tara andesite could produce the rhyolite as a residual melt by removal of plagioclase (An 77 ), orthopyroxene, and Fe-Ti oxides (fraction of melt remaining F ¼ 0Á511; RR 2 ¼ 1Á84). Similar F values, between 0Á43 and 0Á48, were calculated for selected trace elements (Rb, Sr, and Ba) using the same proportions of fractionating phases ( Table 9 ). The calculated crystallizing assemblage resembles the phase assemblage identified in the andesite lava and rhyolite pumice (Supplementary Data Appendix B). The integrated major and trace element modeling results suggest that $50% fractionation (Fig. 12d-f ) of the andesite magma can produce the Group B fallout pumice compositions as shown graphically in Fig. 12d-f as a fractionation model. These conclusions are consistent with the radiogenic isotopes, suggesting that the variability between the low-Rb andesite and the higher Rb fallout pumice can be attributed entirely to fractionation of the andesite (see schematic model 2b in Fig. 11 ).
The high-Si rhyolites explained by additional crystal fractionation
The high Rb concentrations of the high-Si rhyolite magmas (e.g. the Chajnantor Dome lava) suggest that they were derived via further fractionation beyond that required for AFC (Fig. 11) . To test this hypothesis we ran the same crystal fractionation models as described above and tested various parental magma compositions to determine whether a magma composition erupted from the G2C may have fractionated to form these highly differentiated magmas. Using the leastsquares mass-balance method of Stormer & Nicholls (1978) , we chose as the parental composition an intermediate ignimbrite pumice sample (Tara-96h-34) that is a product of roughly 80-90% mixing (Fig. 12d-f) , and as the residual composition the Chajnantor Dome lava. We input mineral data from the rhyolitic lava to calculate the proportions of fractionating phases and F values ( Table 9 ). The results from major element modeling were then used to model trace element Rayleigh fractionation using distribution coefficients (K D ) from the literature.
Whether the dacite magma produced by mixing could have fractionated to form the rhyolitic dome lava is examined in the model. The results indicate that the Tara dacite could produce the rhyolite as a residual melt by removing plagioclase (An 24 ), quartz, sanidine, biotite, magnetite, and apatite (F ¼ 0Á341; RR 2 ¼ 0Á32), which resembles the phase assemblage identified in the dacite ignimbrite pumice and the Chajnantor Dome lava (Supplementary Data Appendix B) . Using the same proportions of fractionating phases, with the addition of trace zircon (1%), similar F values, between 0Á38 and 0Á43, were calculated for multiple trace elements. Major and trace element modeling results suggest that between 30 and 40% fractionation of the dacite magma can produce the most evolved ignimbrite pumice and $60% fractionation ( Fig. 12d-f ) can produce the Chajnantor Dome lava composition, as shown graphically in Fig. 12d -f as a fractionation model. Group A, the more evolved fallout pumice population defined by its higher Rb and lower Ba and Sr, can be explained by 20-40% fractionation of the same starting Tara dacitic magma ( Fig. 12d-f ).
Further evidence to support fractionation of the dacitic ignimbrite pumice is found in the Zr, Eu, and Eu/ Eu* data; these are elements compatible in zircon and plagioclase, respectively. Zr and Eu decrease with increasing Rb, and Eu/Eu* decreases with decreasing Sr content (Figs 4 and 12c) , suggesting that zircon and plagioclase, along with those phases identified through modeling and in hand sample (Supplementary Data Appendix B), were fractionating phases in the upper crustal Tara magmatic system.
Crystal fractionation modeling has allowed us to quantify the proportions of phases crystallizing and the extent of fractionation that took place in the upper crust. Geochemical modeling suggests that fractionation was indeed occurring in combination with crustal assimilation and played an integral role in creating heterogeneities in the major and trace element data, including the chemical composition of the highly differentiated Chajnantor Dome lava (see schematic model 2c in Fig. 11 ).
Chemical diversity in the post-climactic lava domes-separate coexisting pods of crystal-rich magma derived from the remnant climactic magma
The three post-climactic lava domes represent discrete magmas. The Rio Guacha Dome and Chajnantor Lavas are geochemically similar dacites that are indistinguishable from the low-SiO 2 and -Rb magmas of the largevolume ignimbrite and the banded pumice (Figs 4 and 5). They are both, however, extremely crystal-rich ($45 vol. %; Supplementary Data Appendix B) and each dome lava is distinct. The Rio Guacha Dome lava contains the most mafic mineral assemblage: hornblende is an abundant phase ($10 vol. %; Supplementary Data Appendix B) and the plagioclase crystals extend to the highest anorthite concentrations (average composition of An 56 ). In contrast, the Chajnantor Lavas lack amphibole but contain abundant biotite ($5 vol. %; Supplementary Data Appendix B) .
In contrast to the other two domes, the Chajnantor Dome lava is highly evolved in its whole-rock (77 wt % SiO 2 ; Figs 3 and 4) and matrix glass chemistry (77 wt % SiO 2 ; Fig. 8 ). It also has the largest negative europium anomaly (Eu/Eu* of 0Á18; Fig. 6 ) and highest Rb concentration ($400 ppm; Fig. 11 ) in the entire Tara magmatic system. Among the domes, the Chajnantor Dome lava has a unique mineralogy: abundant sanidine ($15% sanidine versus $5% plagioclase), albitic plagioclase, no amphibole or pyroxene, and some of the least magnesian biotites (Mg# > 0Á31). The lava, however, contains minor amounts of more magnesian biotite (Mg# < 0Á65) that is identical to that found in the ignimbrite pumice. These grains are potentially crystals mixed in from some remnant volume of climactic magma. These petrological features support the interpretation that the Chajnantor Dome represents a melt-rich pod that was extracted from the remnant climactic magma and continued to evolve further following caldera collapse. The idea that melt can be extracted from the mushy margins of larger magma reservoirs and further crystallize has been proposed for voluminous silicic crystal mushes to occur via various two-phase flow mechanisms (Bachmann & Bergantz, 2006; Hildreth & Wilson, 2007; Wilson & Charlier, 2009 ). In the Chajnantor Dome lava we also observe slightly more albitic compositions in sanidine rims (Ab 31 Or 68 and Ab 52 Or 47 for core and rim, respectively; Fig. 9 ). Similar albitic rims on sanidine crystals have been interpreted as evidence for recharge and mixing at other centers in the APVC and elsewhere (Watts et al., 1999) and their presence in the G2C lavas probably implies that these processes continued between the climactic eruption and the eruption of the post-climactic domes. Variable recharge and mixing might also help to explain the range in pre-eruptive temperatures of the Rio Guacha Dome magmas-locally Fe-Ti oxides may have equilibrated with transient higher temperature magmas. Although each dome shares a lineage with the remnant climactic magma, the differences between the three domes invoke separate coexisting 'pods' of magma. The magmas that erupted to form the Rio Guacha and Chajnantor Lavas are significantly less evolved (lower SiO 2 and Rb) than the Chajnantor Dome magma and more crystal-rich than the magmas of the (1) Andesitic magma ascends and erupts on the Guacha I Caldera ignimbrite shown in black. (2) Some of the ascending andesitic magma stalls in the large-volume reservoir. Crystals within the dominantly dacitic magma record the recharge event. Crystal-poor rhyolitic melt (shown in blue) fractionates from the andesite magma and erupts to form a plinian column and fallout deposit. (c) A large volume of dominantly dacitic magma (shown in green) erupts to cause column collapse and ignimbrite deposition, primarily within the collapsed caldera. (d) Immediately following caldera collapse (<3Á49 Ma), intrusion of remnant climactic magma causes structural resurgence and uplift of the G2C floor followed by the extrusion of three lava domes. The Rio Guacha and Chajnantor Lavas represent crystal-rich pockets of remnant climactic magma that texturally matured following caldera collapse. The crystal-rich, rhyolitic Chajnantor Dome magma represents a melt extracted from the remnant climactic magma that further fractionated following caldera collapse. Minerals within the dome lavas record the influence of the recharging magma.
large-volume ignimbrite and therefore probably represent remnant climactic magma that texturally matured following caldera collapse. In contrast, the magma that erupted as the Chajnantor Dome lava represents a pod of melt extracted from the remnant climactic magma that experienced continued fractionation following caldera collapse (Fig. 11) . Separate pods of melt can evolve independently if they are surrounded by an increasingly rigid and refractory network of crystals that serves to thermally isolate the melt lenses (Ellis et al., 2014) . The crystal-rich network allows the melt to reside for longer periods of time in the larger magma reservoir and preserves chemical and physical heterogeneities among the various melt batches (Ellis et al., 2014) , consistent with the variability we see between the magmas erupted in the Chajnantor Lavas, Rio Guacha Dome, and Chajnantor Dome.
The development and evolution of large 'monotonous' silicic magma systems
We present a comparison of the geochemistry and intensive parameters of multiple 'monotonous' silicic magma systems (Table 10 ). In this group we have chosen to include the 2800 km 3 Youngest Toba Tuff (YTT). Although a 'zoned' rhyolitic system, there is no vertical zonation in the ignimbrite itself, and it lacks temperature and mineralogical zonation and the compositional enrichment factors associated with zoned ignimbrites. As we show below, its characteristics are consistent with the 'monotonous' ignimbrites. Supporting this view is the summation by Chesner (2012) that 'monotonous composition melts' were provided to the shallow-level reservoir where 'crystal fractionation . . . results in compositional zoning whereby the magma near the roof of the chamber becomes more evolved than the original melt, while the magma at deeper levels appears less evolved due to the accumulation of crystals'. This is consistent with the model of Smith (1979) and the statement by Hildreth (1981) that describe 'monotonous' silicic magmas and we therefore consider the YTT magma part of this genre (Table 10) . A comparison of the Tara magma with other wellstudied 'monotonous' ignimbrites (Table 10 ) reveals that the magma storage temperatures, pressures, oxygen fugacities, phase assemblages, and water contents of all these systems are broadly similar to those of the Tara magma, suggesting that they owe a significant portion of their development and evolution to pre-eruptive shallow upper crustal storage (<10 km depth) under relatively cool conditions in mature continental crust. ) and viscosity (10 6 -10 9 Pa s) estimates for these magmas are relatively uniform. The consistency of chemical, mineralogical, and intensive parameters supports previous work that suggests a consistency of processes responsible for the baseline homogeneity characteristic of 'monotonous' silicic systems (Best et al., 2016) . Previous work has suggested that the following processes drive homogeneity in these largevolume pre-eruptive reservoirs: recharge [by broadly similar magmas; Fig. 13a , (i)], convection [ Fig. 13a, (ii) ], inhibited crystal-liquid separation [ Fig. 13a, (iv) ], and mushification, either working in parallel or serially at different temporal and spatial scales (de Silva & Wolff, 1995; Christiansen, 2005; Charlier et al., 2007; Bachmann & Bergantz, 2008; Huber et al., 2009 Huber et al., , 2012 . Multiple studies that have investigated the construction and evolution of 'monotonous' silicic magmas have found evidence for crystal-scale heterogeneity (e.g. the recognition of 'restitic material', Chappell et al., 1987 ; zircon age heterogeneities, Lanphere & Baadsgaard, 2001; Schmitt et al., 2003; Folkes et al., 2011c; crystal-scale isotopic disequilibrium, Charlier et al., 2007; crystal-scale zonation, Wark et al., 2000; Boyce & Hervig, 2008) . In this study, we have performed a detailed investigation of the limited lithological heterogeneity that seems to be ubiquitous in dominantly 'monotonous' magmas. For example, heterogeneous pumice populations that define a range of silicic compositions (dacite to rhyolite; Table 10 ) like those identified in the Tara ignimbrite, also exist within the Atana ignimbrite, Lund Tuff, Cerro Galan Ignimbrite (CGI), and the YTT, and are often found at a single location within each deposit. In addition, mafic clasts, although volumetrically minor, are found in the Purico, CGI, Atana, and Fish Canyon Tuff. Focus on the minor lithologies erupted at the G2C has uniquely positioned us to identify the processes that lead to heterogeneity on the hand-sample scale and aid in the development and evolution of 'monotonous' magma systems. We find that extensive crustal assimilation [ Fig. 13a, (vi) ], crystallization [Figs 13a, (iii, v, viii) ], and recharge [ Fig. 13a, (i, ix) ] occurred in the G2C pre-eruptive crustal reservoir and played a large role in the petrogenesis of not only the G2C 'monotonous' magma system, but also of similar systems within the Central Andes and the Western USA that also show volumetrically minor yet significant lithological heterogeneities. Importantly, we find that chemical and physical variations in large-volume dominantly dacitic ignimbrites do not always translate to a vertically zoned magma system. Rather, the minor lithologies identified in these systems reflect upper crustal processes that create various packets of magma characterized by unique crystal contents, mineral and melt compositions, and rheological properties (Fig. 13a) .
Magma dynamics of the G2C cycle-a complex magma evolution of a 'monotonous' silicic magma system By integrating the information gleaned from the volcanology, petrology, and chemistry we can now present a magma dynamic model for the G2C (Fig. 13) . Model intensive parameters indicate that a large reservoir of dominantly dacitic, crystal-rich magma with limited heterogeneity and broadly uniform temperature (800-850 C) and water content ($5%) formed at 5-9 km depth (Fig. 13a) . The presence of more mafic andesite lava and banded pumice as well as bright CL rims on quartz suggest that the andesite erupted played a large role in recharging the upper crustal magma system and in serving as a starting composition for mixing. We can only speculate whether the andesite erupted at the G2C was the same andesite that fed the upper crustal system throughout its history (Fig. 13a) ; however, AFC modeling suggests that this is a possibility at the G2C. We note that the Tara andesite in turn is derived from parental basaltic andesites at depths of 9-30 km.
Normally zoned plagioclase and more calcic rims on orthopyroxene in the andesite lava suggest that andesitic recharge magma cooled and crystallized at the base of a dacitic reservoir, or within the main dacitic reservoir, prior to being erupted (Fig. 13b) . The intruding andesitic magma stalled in the main dacitic reservoir, possibly because of a local rheological barrier produced by variable crystal contents in the dacite, and crystallized to form a small volume of rhyolitic, crystal-poor, residual melt. Eruption was initiated when andesitic magma continued its ascent toward the surface and erupted on the pre-existing resurgent dome of the older Guacha I Caldera. We suggest that this trigger led to a cascade of events that culminated in the climactic eruption. The rhyolite melt was evacuated in a plinian eruption that may have exploited conduits generated by the andesite, producing a fallout pumice deposit to the east and south (Fig. 13b) . These initial eruptions may have destabilized an already unstable roof, leading rapidly to climactic conditions and evacuation of the large-volume magma reservoir (e.g. Gregg et al., 2012 Gregg et al., , 2013 . High mass eruption rates accompanying caldera collapse of the G2C would have led to collapse of the eruptive columns, pyroclastic flows, and emplacement of the >800 km 3 Tara ignimbrite mainly within the growing caldera (Fig. 13c) . This model not only supports the stratigraphic relations that we see in the surface geology, but also explains the relatively small-volume fallout deposit that erupted from a sustained plinian column in comparison with the >800 km 3 ignimbrite that tapped the dominant reservoir.
Following the climactic eruption, the caldera floor underwent resurgent uplift accompanied by eruption of the three post-climactic lava domes: from west to east, Chajnantor Dome, Rio Guacha Dome, and Chajnantor Lavas (Fig. 13d) . The field and petrogenetic relationships of these three crystal-rich lava domes and the main ignimbrite-forming magma suggest that the driver of resurgent uplift was intrusion of remnant, crystal-rich climactic magma. This is consistent with observations at other large calderas where the catastrophic isostatic, lithostatic, and magmastatic disequilibrium of the caldera collapse is re-established as magma intrudes to shallow levels and motivates structural uplift (resurgence) of the caldera floor, often with contemporaneous effusions of lava (Van Bemmelen, 1939; Smith & Bailey, 1968; Kennedy et al., 2012; de Silva et al., 2015) . Stratigraphic relations suggest that effusion of these post-climactic domes closely followed resurgent uplift, consistent with observations elsewhere that resurgent uplift results in local extension and faulting that could have been easily exploited by highly viscous, crystalrich (<45 vol. %) magmas that otherwise might not have been eruptable. Recharge was also likely to have aided in the eruption of these three domes, based on evidence from the single lavas, including albite-rich rims on sanidine from the Chajnantor Dome lava and a broad range of variable yet high temperatures (<940 C) recorded by Fe-Ti oxides in the Rio Guacha Dome lava (Fig. 13d) .
CONCLUSIONS
Data from whole-rock, matrix glass, and mineral chemistry provide insights into the upper crustal magma evolution beneath the 3Á49 6 0Á01 Ma Guacha II Caldera (G2C). Crystallizing phases and mineral thermobarometry indicate that a relatively cool, wet, large-volume magma reservoir was stored in the upper crust (<200 MPa, equivalent to 5-9 km below surface, at 800-850 C, and $5 wt % H 2 O). Although the dominant volume of material erupted at the G2C was dacitic to rhyodacitic, our focus on the minor lithologies has afforded us the unique opportunity to elucidate the complex processes that lead to hand-sample scale heterogeneity and the construction and evolution of 'monotonous' silicic magma systems.
Within the upper crust, the Tara magmatic system underwent various stages of evolution to erupt a range of magmas, including andesite lava, a small rhyolitic fallout pumice deposit, >800 km 3 of Tara ignimbrite that includes dacite-rhyolite pumice and banded pumice, and three dacite-rhyolite post-climactic lava domes (Chajnantor Dome, Rio Guacha Dome, and Chajnantor Lavas). AFC modeling suggests that melts derived from the APMB at $9-30 km depth are a reasonable parent to the andesite lava and ignimbrite banded pumice erupted at the G2C. Melts from the APMB, however, are not parental to the entire suite of G2C magmas. Rather, a second stage of AFC is required, in which the andesites and banded pumice are parental to the more enriched ignimbrite rhyolite pumice erupted at the G2C. We can only speculate whether the andesite erupted at the G2C represents the magma recharging the system throughout its history, although this interpretation cannot be excluded based on geochemical modeling. A multi-stage AFC model implies that basement lithologies underlying the G2C may vary either spatially or temporally within the $30 km thick upper crust.
The G2C cycle initiated with andesitic recharge into a large-volume, upper crustal magma reservoir at 5-9 km depth. Some of the andesite magma cooled and crystallized to form a small volume of rhyolitic melt, whereas some andesite continued its ascent to the surface and erupted. The explosive phase initiated as the andesite-derived rhyolitic melt erupted in a short-lived plinian eruption, which was rapidly followed by the transition to caldera collapse and deposition of the >800 km 3 Tara ignimbrite that tapped the dominantly dacitic preeruptive magma reservoir.
Following caldera collapse, upper crustal processes produced pockets of heterogeneous melt, which were subsequently tapped by the three post-climactic lava domes. The Chajnantor Dome tapped the most differentiated magma in the G2C caldera cycle that was derived via melt extraction from the remnant climactic magma and further fractionation following caldera collapse. In contrast, the Rio Guacha and Chajnantor Lavas probably represent pockets of remnant climactic magma that had texturally matured following caldera collapse. The petrological and geochemical character of the three post-climactic domes indicates that a significant volume of the climactic, crystal-rich magma remained to promote resurgent uplift.
The G2C, with a dominant volume of unzoned, crystal-rich dacite, is identified here as a 'monotonous' magma system. Comparison with other 'monotonous' silicic magmas from similar tectonic settings worldwide reveals a similarity between their chemical, mineralogical, and intensive parameters, supportive of previous work that suggests a consistency of processes responsible for their baseline homogeneity. An investigation of the minor lithologies erupted at the G2C has revealed that additional processes, including crustal assimilation, recharge and mixing, and fractional crystallization can lead to lithological heterogeneity and aid in the development and evolution of 'monotonous' magma systems. These processes appear to be prevalent at other 'monotonous' magma systems common to large continental caldera-ignimbrite fields within the Central Andes and the Western USA that show volumetrically minor yet significant heterogeneities at the hand-sample scale. This suggests that these systems have probably experienced complex magma histories, despite their dominantly 'monotonous' compositions. These complex histories, however, can be unraveled through the careful analysis of the seemingly ubiquitous minor lithologies erupted at these systems.
